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ABSTRACT 

The l i m i t s  t o  accuracy and long-term s t a b i l i t y  i n  

present atomic c locks a r e  examined. I n  order t o  achieve 
a s i g n i f i c a n t  increase i n  performance, i t  appears t h a t  
the  l i m i t a t i o n s  must be at tacked on a fundamental l eve l .  

For instance, the  problem o f  res idual  f i r s t - o r d e r  and 

second-order Doppler s h i f t s  has f o r  many years been 

approached by asking how we can b e t t e r  measure these 

s h i f t s .  A more fundamental approach might be t o  ask how 

we can s i g n i f i c a n t l y  lower the  v e l o c i t y  o f  the  atoms. 

An attempt w i l l  be made t o  pu t  recent proposals f o r  new 
frequency standards i n t o  perspective. The advantages 

and disadvantages o f  frequency standards based on such 

ideas as l ase r  t rans i t i ons ,  s ing le  atoms, and atom 

coo l ing  are examined. I n  add i t ion ,  the  a p p l i c a b i l i t y  o f  
some o f  these new techniques t o  e x i s t i n g  standards i s  

discussed. 

* 
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INTRODUCTION 

This paper attempts t o  6nswer the question: "What new ideas can 

lead t o  fundamental improvements i n  atomic frequency standards?" 

Since my answer c a n ' t  be t o t a l l y  ob jec t ive ,  what fo l lows i s  vulner-  

ab le t o  c r i t i c i s m ;  nevertheless, i t  w i l l  be usefu l  t o  examine some 
o f  these new ideas and speculate on what they might lead to. 

This paper i s  - not a survey o f  a l l  new ideas f o r  frequency stan- 
dards; ra the r ,  some o f  these new ideas are used as examples t o  

i l l u s t r a t e  general areas i n  which fundamental problems might be 

attacked. Also, one w i l l  no t i ce  t h a t  the  app l i ca t i on  o f  some o f  

these ideas are imprac t ica l  a t  t he  present t ime f o r  a f i e l d  usable 

standard, bu t  most could be r e a l i z e d  i n  a labora tory  so t h a t  they 

may have more immediate app l i ca t i on  t o  a "primary" standard. 

To make the  problem somewhat more t rac tab le ,  i t  w i l l  be assumed 
t h a t  the  important quest ion t o  ask i s  how t o  improve accuracy and 

t h a t  the  improved long-term s t a b i l i t y  w i l l  n a t u r a l l y  f o l l o w  i f  the  
accuracy can be improved. I contend t h a t  t h i s  i s  genera l ly  t r u e  

i f  no t  pushed too  fa r ;  f o r  example, i f  a way were found t o  d r a s t i -  

c a l l y  reduce wa l l  s h i f t ,  sp in  exchange s h i f t ,  second-order Doppler 

s h i f t ,  etc. i n  the  W-maser then the  f l uc tua t i ons  o f  these e f f e c t s  

(which l i m i t  long-term s t a b i l i t y )  w i l l  a lso  be reduced. We must 

a lso  o f  course assume t h a t  we can improve the  s ignal - to-noise 
t o  t h a t  the  an t i c ipa ted  accuracy increase can be measured i n  a 
reasonable length  o f  time. 

I n  any case, t he  approach w i l l  be t o  ask no t  how we can b e t t e r  

measure those e f f e c t s  i n  atomic c locks which l i m i t  t h e i r  accuracy 

and long-term s t a b i l i t y ,  bu t  how we can ge t  r i d  o f  them. 



Later we w i l l  b r i e f l y  ask what new ideas are l i k e l y  t o  improve 

atomic clocks based on hydrogen, rubidium and cesium. More impor- 

t a n t l y ,  i t  w i l l  be i n t e r e s t i n g  t o  look a t  o ther  ideas f o r  "atomic" 
clocks. F i r s t ,  however, i t  i s  useful  t o  reexamine the ground 

rules-that i s ,  what features do we r e a l l y  want i n  a frequency 

standard? 

BASICS OF ATOMIC FREQUENCY STANDARDS 

The requirements f o r  making a good frequency standard are f a i r l y  

(1) i t  must be reproducible, and 

(2) i t  must be "reasonably usable," i n  the sense t h a t  i t  should 
have an output frequency e a s i l y  used i n  measurements. 

simple c 13 : 

The f i r s t  requirement impl ies t h a t  b u l k  devices (such as quartz 

c r y s t a l  resonators, macroscopic r i g i d  ro to rs ,  o r  superconducting 

c a v i t y  o s c i l l a t o r s )  are undesirable, because the frequency depends 

on parameters, such as size, t h a t  are d i f f i c u l t  t o  con t ro l .  Th is  
shortcoming does not, however, r u l e  o u t  the use o f  these devices 

as c a l i b r a t e d  "f lywheels" ( i . e . ,  f r e e  running, s tab le  clocks). 

Atomic ( o r  molecuiar) resonances provide the necessary reproduci- 
b i l i t y ;  one der ives a "standard" frequency vo i n  terms o f  the 

energy d i f f e rence  between two states o f  the atom w i th  energies El 
and E2 by the r e l a t i o n  hvo = E2 - El where h i s  Planck's constant. 

To ensure r e p r o d u c i b i l i t y  between d i f f e r e n t  observations, the 

measured frequency i s  usua l l y  r e f e r r e d  t o  the value t h a t  would be 

obtained i n  f r e e  space; consequently, var ious correct ions are 

necessary t o  take account o f  environmental factors ,  such as mag- 
n e t i c  f i e l d s .  The problem then reduces t o  c o r r e c t i n g  f o r  t he  
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various per turbat ions t o  the measured frequency. 

paper i s  t o  ask how we can s i g n i f i c a n t l y  reduce (o r  adequately 
resolve) these per turbat ions.  

Our task i n  t h i s  

O f  course, per turbat ions a t  some l e v e l  w i l l  always e x i s t  so we 
w i l l  a lso  ask how we can reduce t h e i r  inf luence. I n  many cases, 

the per turbat ions t o  the measured resonance frequency are propor- 

t i o n a l  t o  Q-1 where Q = vo/Av, and Av i s  the w id th  ( i n  frequency 
u n i t s )  o f  the energy di f ference measured a t  the h a l f  power po ints ;  

there fore  a h igh  Q i s  desirable.  Also, a l l  measurements are 

l i m i t e d  i n  p rec i s ion  by var ious sources o f  noise. The f r a c t i o n a l  

frequency s t a b i l i t y  u (T) re la tes  t o  Q and signal- to-noise by 
Y 

where S/N(r) i s  the s ignal- to-noise r a t i o  as a func t i on  of aver- 
aging t ime T. 

Sat i s f y ing  the second requirement depends on technological  l i m i t a -  
t i o n s  and may r u l e  out  some i n t e r e s t i n g  frequency-standard possi-  
b i l i t i e s .  

must be convenient f o r  general appl icat ion.  A t  the present time, 
t h i s  ru les  out  f o r  example, the  use o f  c e r t a i n  t r a n s i t i o n s  t h a t  

can be observed a t  very h igh frqquencies such as those i n  nuc le i .  
Although the Q of these M6ssbauer t r a n s i t i o n s  can be as h igh  as 

10ls ,[*’ they are not  genera l ly  usable because ne i the r  frequency 
nor wavelengths can be accurate ly  measured i n  the gamma-ray region. 

I n  general, we can say t h a t  i f  we have a frequency standard which 

operates a t  a frequency vo, we must be able t o  d i v i d e  t h i s  frequen- 

cy down (or  m u l t i p l y  up a reference o s c i l l a t o r  f o r  comparison) i n  
order t o  use the  standard as a c lock  - t h a t  i s ,  prov ide timing 

The output o f  the device ( i .e.,  the operat ing frequency) 



signals. (We note however, t h a t  the use of the standard as a c lock  

i s  not  needed i n  some appl icat ions;  f o r  example, the g r a v i t a t i o n a l  

red s h i f t  was f i r s t  measured intercomparing the frequencies of two 
s p a t i a l l y  separated samples using Massbauer t r a n s i t i o n s .  P I )  

We can summarize our c r i t e r i a  f o r  a good general frequency stan- 

dard as: 

(a) S/N large. 

(b) Q large. 

(c)  Small per turbat ions t o  the frequency. 

(d) Must be able t o  measure frequency. 

REALIZATION OF THE CRITERIA 

We, o f  course, q u i c k l y  l ea rn  t h a t  i t  i s  no t  easy t o  s a t i s f y  a l l  
these c r i t e r i a  simultaneously. Some of the reasons f o r  t h i s  are 
fundamental, some are p r a c t i c a l .  

The r e s o l u t i o n  and Q i s  fundamentally l i m i t e d  by the  Heisenberg 

uncer ta in ty  r e l a t i o n  on t ime and energy: 

Thus, f o r  a s i n g l e  atom, i f  we have a t ime A t  t o  measure the  

energy-level d i f ference E2 - El, the measurement w i l l  be unce r ta in  

by a t  l e a s t  an amount AE. S p e c i f i c a l l y ,  A t  may a r i s e  from the  

t ime of f l i g h t  ( t r a n s i t  t ime) o f  an atom through the apparatus, O r  

from the l i f e t i m e  o f  the atom i n  one o r  both o f  i t s  energy states.  



The uncer ta in ty  r e l a t i o n  y i e l d s  a f r a c t i o n a l  uncer ta in ty  i n  energy 

o f  AE/(E, - E,) = Q-'. We can, o f  course, make AE small by making 

A t  large; t h i s  may be accomplished by slowing down the atoms as 

much as poss ib le  o r  by con f in ing  them. Unfortunately,  the process 
o f  confinement causes per turbat ions such as the w a l l  s h i f t  i n  the 

H-maser and b u f f e r  gas s h i f t s  as i n  the Rb frequency standard. 

Also, there i s  o f t e n  a t rade-of f  between signal- to-noise and Q. 
Extremely h igh Q does not  guarantee a good frequency standard 
because, i f  the s ignal- to-noise r a t i o  i s  small, i t  may take an 
impract ica l  length o f  t ime t o  r e a l i z e  the accuracy. Conversely, 

we can increase S/N a t  the expense o f  Q, as i n  gas c e l l  standards, 

where S/N can be increased by increas ing number, b u t  we a l so  

increase per turbat ions due t o  atom-atom c o l l  i s i ons .  

An important category of per turbat ions which e x i s t s  i n  a l l  frequen- 

cy standards t o  varying degrees i s  t h a t  o f  Doppler s h i f t s .  Doppler 
e f f e c t s  are r e l a t e d  t o  the p a r t i c u l a r  method o f  confinement. They 
represent perhaps the most important problem 1 i m i  ti ng the  accuracy 

and r e s o l u t i o n  o f  e x i s t i n g  o r  proposed frequency standards. I n  
the usual way we can say t h a t  i f  an absorber o f  r a d i a t i o n  moves 

r e l a t i v e  t o  the source, the observed resonance frequency i s  s h i f t -  
ed t o  the value 

1 
abs o 

where the v e l o c i t y  and wave vector  are measured r e l a t i v e  t o  

the source and M i s  the atomic mass. The f i r s t - o r d e r  Doppler 

s h i f t  ( i o ; ) ,  the "second-order" Doppler s h i f t ,  ( (v/c) ,~) and the 

r e c o i l  s h i f t  ( the l a s t  term) can be understood i n  terms o f  conser- 

v a t i o n  o f  energy and momentum i n  the absorpt ion process'. The 



so-cal led "second-order" Doppler s h i f t  i s  merely the r e l a t i v i s t i c  

t i m e - d i l a t i o n  f a c t o r  r e s u l t i n g  from the movement o f  the atom 

r e l a t i v e  t o  the apparatus. I t s  e f fec t  i s  small b u t  important, 

p a r t i c u l a r l y  i f  we are t a l k i n g  about improving the s t a t e  o f  the 

a r t .  We can describe the f i r s t - o r d e r  s h i f t  i n  terms o f  t ime 

dependence o f  a plane electromagnetic wave as seen by an atom. We 
have f o r  the e l e c t r i c  f i e l d  

3 Z ( x , t )  = to sin (2 x - ut + $1 

where 2 i s  the atom p o s i t i o n ,  t i s  the f i e l d  wave vector  

( x . 2  = 0), and t) i s  an a r b i t r a r y  phase fac to r .  I f  "x = ;,t then 
0 

and the p a r t i c l e  sees a s inuso ida l l y  varying f i e l d  o f  frequency 

w 0  = w - ;k vx.  I f  uncompensated, the r e s u l t  i s  the f a m i l i a r  

Doppler broadening because, t y p i c a l l y ,  the atoms i n  a sample have 

a Maxwellian v e l o c i t y  d i s t r i b u t i o n  leading t o  a d i s t r i b u t i o n  o f  w 0  

values. I f  one observes the f u l l  Doppler width, then the Q o f  the 

t r a n s i t i o n  i s  l i m i t e d  t o  about lo6 f o r  room-temperature samples. 

I f  the p a r t i c l e  i s  conf ined w i th in  dimensions 121 ck-' ( the so- 
c a l l e d  "Dicke regime") ['' the resonance spectrum has a sharp 

c e n t r a l  feature w i t h  natura l  width (Fig. 1). 

-# 

This technique i s  o f  course used i n  the H-maser and Rb gas c e l l  

frequency standards and accounts f o r  the n e g l i g i b l e  f i r s t - o r d e r  

Doppler e f fec ts .  However, the p r i c e  we have pa id  t o  avoid the  

f i r s t - o r d e r  Doppler e f f e c t  i s  the frequency s h i f t s  due t o  con- 

f i nement (col 1 i s i on s h i f ts ). 
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To avoid the per turb ing e f f e c t s  o f  confinement, a common approach 

i s  t o  use atomic beams. The most successful approach t o  avoid the 

f i r s t - o r d e r  Doppler e f f e c t  i n  t h i s  case i s  t o  make the atoms 

i n t e r a c t  w i t h  the r a d i a t i o n  i n  two, phase-coherent, s p a t i a l l y  

separated i n t e r a c t i o n  regions. I n  each i n t e r a c t i o n  region, the 

cond i t i on  $*GxAt  - 1 i s  satisfied-where W t  i s  now the t r a n s i t  

time through one o f  the i n t e r a c t i o n  regions. However, the Q i s  

now determined by the much longer t r a n s i t  t ime between i n t e r -  

a c t i o n  regions. T h i s - p r i n c i p l e  i s  the basis o f  Ramsey's separated 

o s c i l l a t o r y  f i e l d  t e ~ h n i q u e ' ~ '  which i s  used i n  a l l  commercial and 

laboratory  cesium clocks. Because i t  uses an atomic beam, the 
cesium device i s  f ree of the con f in ing  s h i f t s ,  b u t  s u f f e r s  from 

res idual  f i r s t - o r d e r  Doppler s h i f t s  due t o  the presence o f  run- 

ning-wave components i n  the i n t e r a c t i o n  c a v i t i e s .  This i n a b i l i t y  

t o  ob ta in  pure standing waves genera l ly  a f f e c t s  a l l  o f  the "sub- 

Doppler" techniques where there i s  a net  v e l o c i t y  associatea w i th  

the atoms. Thus, we have a t radeo f f  between the confinement 

techniques, which "el iminate" f i r s t - o r d e r  Doppler s h i f t s  b u t  

introduce per turbat ions due t o  the confinement, and the " f ree"-  
atom techniques, which have no confinement pe r tu rba t i on  b u t  i n t r o -  

duce Doppler s h i f t s .  Moreover, a l l  o f  the techniques, i n c l u d i n g  
those employing Dicke narrowing, s u f f e r  from the "second-order" 

Doppler s h i f t  because the atoms have a non-zero motion. Thus, i f  
we hope t o  fundamentally improve the performance o f  frequency 

standards, we must address the question o f  Doppler s h i f t s .  

< 

PRESENT LIMITS ON COMMON FREQUENCY STANDARDS 

The l i m i t a t i o n s  on accuracy and s t a b i l i t y  f o r  present day frequen- 

cy standards w i l l  be discussed more completely i n  another paper 

f o r  t h i s  meeting by F. L. Walls. However, we b r i e f l y  l i s t  the 

l i m i t a t i o n s  and some poss ib le  cures. 
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Beam Devices (Cesium) 

The dominant l i m i t a t i o n  appears t o  be due t o  c a v i t y  phase s h i f t ,  

which i s  a form o f  res idual  f i r s t - o r d e r  Doppler e f f e c t .  To f i r s t -  

order t h i s  e f f e c t  can be measured by reversing the beam d i r e c t i o n .  

['I i f  measured per o d i c a l l y ;  however, exact beam It can be n u l l e d  

ret race i s  required. This d i f f i c u l t y ,  along w i t h  the problem t h a t  
the phase s h i f t  has a s p a t i a l  dependence across the cross-sect ion 

o f  the beam,"] makes i t  d i f f i c u l t  t o  deal with. The re t race  

problem and the problem o f  a s p a t i a l l y  d i s t r i b u t e d  phase s h i f t  
are, i n  p r i n c i p l e ,  e l iminated i f  superconducting c a v i t i e s  are 

used. 17' These problems are s u b s t a n t i a l l y  suppressed i f  an a x i a l -  

l y  symmetric beam o f  small cross-section' i s  used, C53 i f  a two- 

frequency i n t e r r o g a t i o n  method i s  used,C83 o r  i f  o p t i c a l  pumping 

s t a t e  se lec t i on  and detect ion i s  used. C83 Although the two-fre- 
quency method r e s u l t s  i n  a degradation o f  Q by a f a c t o r  o f  about 

3 ,  i t  has the advantage i n  possible commercial a p p l i c a t i o n  i n  t h a t  

beam reversal  i s  not  requi red t o  n u l l  the phase shi f t . [ ' ]  

'b 

It 
would seem t h a t  more work needs t o  be invested t o  study these 

types o f  problems; a testament t o  t h i s  i s  the as y e t  unexplained 

frequency s h i f t  sometimes observed i n  cesium beam standards when 
C 5,6,10,111 the C f i e l d  i s  reversed. 

Gas C e l l  Storage Devices (Hydrogen and Rubidium) 

The fundamental l i m i t a t i o n s  on accuracy appears t o  be due t o  our 

i n a b i l i t y  t o  measure the confinement s h i f t s  i n  the devices. For 

hydrogen, one might argue t h a t  the l i m i t  on long-term s t a b i l i t y  i s  

due t o  c a v i t y  mistuning, b u t  as t h i s  problem becomes solved by 

spin-exchange tun ing  or c a v i t y  i n t e r r o g a t i  ng methods, '13] then 

the problem o f  the w a l l  s h i f t  becomes more important. The var ia-  



b l e  volume [ 14 9 15 9 161 or I 1  1 box" '17' techniques are appealing, 

b u t  have a problem i n  t h a t  the surfaces for both bulb conf igura- 

t i o n s  are not exac t l y  the same. 

The problems w i t h  the rubidium b u f f e r  gas standard are g e n e r i c a l l y  

the same, a l t h o u g h , i t  su f fe rs  f r o m  incomplete s p a t i a l  averaging. 

I f  coated c e l l s  are used t o  combat t h i s  problem, w a l l  s h i f t s  

become important. The problems associated w i th  l i g h t  s h i f t s  can 

be attacked using pulsingC191 o r  perhaps diode lase r  sources. 

I183 

NEW IDEAS FOR FUNDAMENTAL IMPROVEMENTS 

This sect ion attempts t o  h i g h l i g h t  new ideas which may b r i n g  about 

fundamental improvements i n  atomic frequency standards. The 

se lec t i on  o f  t op i cs  i n  t h i s  sect ion i s ,  o f  course, somewhat a r b i -  

t r a r y ,  b u t  hopefu l ly  i s  representat ive o f  those methods which may 

be appl icable i n  the no t - too -d i s tan t  fu ture.  With some o f  these 

ideas i t  may be d i f f i c u l t  t o  envisage a p r a c t i c a l  device, l e t  

alone a commercial device; however, i f  one has f a i t h  i n  the ad- 

vancement o f  the general technology, they may i n  the f u t u r e  become 

q u i t e  p r a c t i c a l .  

A. Cold Atoms 

The advantage o f  using "cold" o r  low v e l o c i t y  atoms has been 

r e a l i z e d  f o r  q u i t e  some t ime.  

atoms increased-thereby increasing Q i n  a fundamental way, b u t  

the problem o f  second-order and res idual  f i r s t - o r d e r  Doppler 
s h i f t s  are attacked i n  a fundamental way. The p o s s i b i l i t y  o f  

us ing very slow atomic beams was inves t i ga ted  as e a r l y  as 1953 by 

Zacharias i n  h i s  "Fountain" experiment. C2O' I n  p r i n c i p l e ,  on l y  

Not  on l y  i s  the i n t e r a c t i o n  t ime o f  



the very s low atoms from an e f fus i ve  source were selected by 

g rav i t y .  Unfortunately,  the number o f  slow atoms ava i l ab le  was 

too  small t o  be usefu l .  Since t h a t  t i m e ,  var ious attempts have 

been made t o  produce slow atoms, bu t  w i t h  very l i m i t e d  success. 
Some o f  the more recent experiments are mentioned here. 

1. Cold Hydrogen: Very recent ly ,  hydrogen storage devices 

have been operated a t  cryogenic temperatures. 
I n  the experiments o f  Crampton e t .  a l .  , c21J the storage bu lb  

was coated w i t h  s o l i d  H2 a t  4.2K and although t h e i r  exper i -  

ments showed a ra the r  la rge  phase s h i f t  per c o l l i s i o n  

( z  - 0.3 rad), t h i s  work may prove t o  be very usefu l  i n  

s tud ies o f  the general problem. Moreover, a s i m i l a r  device 

might be used t o  generate a c o l d  beam o f  po la r ized  atomic 

hydrogen i n  other  frequency standard schemes. I n  the  work o f  

Vessot e t .  a l .  , c223 maser o s c i l l a t i o n  was achieved down t o  25K 
and Q's of -2 x lo9 were observed a t  50K using a surface o f  

tetraf luoromethane. Aside from the reduct ion i n  second-order 
Doppler s h i f t s ,  low temperature H-storage devices have the  
fo l l ow ing  poss ib le  advantages: 

[ 21,22,23,24 J 

a. Thermal noise i s  s u b s t a n t i a l l y  reduced. C23,251 

This a f f e c t s  the  i n t r i n s i c  maser s t a b i l i t y  and can a lso  

reduce the a d d i t i v e  wh i te  phase noise, which i s  ex te rna l  

t o  the  maser. 

b. Spin exchange c o l l i s i o n  ra tes  are reduced by about 

two orders o f  magnitude. c239251 Hence, the  maser could 
operate w i t h  higher l i n e  Q a t  increased f l u x .  A t  h igher  

f l u x ,  the  power could be increased c251 o r  the  maser 

operated w i th  lower c a v i t y  Q, c231 thus reducing c a v i t y  
p u l l i n g .  
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c. Mechanical r i g i d i t y  should be more e a s i l y  maintained 

a t  low temperatures 123'251 r e s u l t i n g  i n  more s tab le  

c a v i t y  p u l l i n g ,  e t c .  

Invest igat ions w i l l  continue t o  search f o r  w a l l  coat ings 

(perhaps frozen i n e r t  gases) which w i l l  g i ve  s tab le  surfaces 

w i t h  small wa l l  s h i f t .  Such inves t i ga t i ons  may hope fu l l y  

g i ve  very good r e s u l t s  i n  the fu ture.  

2. Laser Cooling: Aside f r o m  the i n t e r e s t i n g  r e s u l t s  obtain- 

ed w i t h  hydrogen, there have been many attempts t o  make 

cryogenic beam sources f o r  other atoms, b u t  temperatures 

below about 50K have been d i f f i c u l t  t o  achieve. I n  1975, 

independent proposals were made t o  cool down a gas o f  neu t ra l  

atoms lZ6' o r  ions bound i n  an electromagnetic t r a p  [27' using 

r a d i a t i o n  pressure. Since then, substant ia l  coo l i ng  ( < O .  5K) 

has been achieved f o r  bound ions [283 and although on ly  very 

l i m i t e d  atomic beam coo l i ng  has y e t  been obtained,'293 the  

p o t e n t i a l  f o r  substant ia l  coo l i ng  e x i s t s .  

For f r e e  atoms o r  weakly bound ions (motional v i b r a t i o n  

frequency << o p t i c a l  t r a n s i t i o n  l i new id th ) ,  the coo l i ng  

process i s  explained [303 by simply consider ing conservation 

o f  momentum and energy i n  a photon s c a t t e r i n g  event. I f  we 

average over the poss ib le  d i r e c t i o n s  o f  reemission, we can 

f i nd the average k i  net  i c energy change pe r  s c a t t e r i n g  event 
t o  be 1301 

where R i s  the " r e c o i l "  energy R = (fik)*/2M, i s  the photon 
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wave vector and i s  the atomic v e l o c i t y  before the sca t te r -  
i n g  event. Since the sca t te r i ng  process i s  resonant, we can 

tune our l i g h t  source ( l ase r )  below the atomic r e s t  frequency, 

so t h a t  the atoms absorb on’ly when they move toward the 

laser .  Thus, we can make ?d v <-2R and the atoms lose 

k i n e t i c  energy. Q u a l i t a t i v e l y ,  the atom’s motion i s  re tarded 

when i t  moves toward the iaser  because i t  receives a momentum 

k i c k  i n  a d i r e c t i o n  opposite t o  “v f o r  each sca t te r i ng  event. 

-+ 

This coo l ing  process makes the p o s s i b i l i t y  o f  s tored i o n  

frequency standards more a t t r a c t i v e  (see below), b u t  a prac- 
t i c a l  scheme f o r  producing a slow atomic beam o f  adequate 

f l u x  has no t  yet  been demonstrated. Nevertheless, the  possi-  
b i l i t y C 3 ”  o f  very  low temperatures (< t o  lo-‘ K f o r  

s t rong ly  al lowed t r a n s i t i o n s ,  less f o r  weakly al lowed t r a n s i -  
t i ons )  makes t h i s  an a t t r a c t i v e  area o f  inves t iga t ion .  

B. Opt ica l  Traps 

I n  the l a s t  few y m r s ,  a f a i r  number o f  papers have been w r i t t e n  

about the ?oss ib i  1 i t y  o f  t rapp ing  neut ra l  atoms i n  near-resonant 

l i g h t  f i e l d s .  ‘31’ More recent ly ,  the d ipo le  forces necessary f o r  
o p t i c a l  t rapging have been demonstrated by a group a t  B e l l  
Labs. c323 Such t rapping i s  very a t t r a c t i v e  because atoms could be 

trapped i n  “ c e l l s ”  o f  a standing wave l i g h t  f i e l d  o f  dimensions 
h/2 .  Hence, the p o t e n t i a l  confinement i s  extremely t i g h t ,  i .e. ,  

the atoms would be we l l  loca l ized.  The main disadvantage o f  t h i s  
method f o r  spectroscopy appears t o  be t h a t  i n  order t o  prov ide 

trapping, an o p t i c a l  t r a n s i t i o n  must be dr iven  a t  near saturat ion.  

Hence, any t r a n s i t i o n  t h a t  might be i n t e r e s t i n g  enough t o  prov ide 

a frequency standard would be broadened by the l ase r  and a lso  
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subject to substantial light shifts. It would seem that the cure 
for this problem would be to turn off the "trapping" laser while 
the frequency standard transition is investigated. However, even 
if the theoretical limitC30*311 on laser radiation pressure cooling 
could'be obtained, the velocity is still rather high (for Na atoms 

2 30 cm/sec) and the atoms would diffuse away from the' min 
trapping region while the trapping fields are off. 

Even if a way around these difficulties is not found, the optical 
traps might be incorporated with laser cooling to provide a cold 
beam source. For example, the optical trap might be in the form 
of a tube (focused Gaussian laser beam) in which the atom could be 
laser cooled and then allowed to escape from one end. As yet, a 
practical scheme for this has not been suggested. 

C. Stored Ions 

The possibility o f  obtaining very high resolution spectroscopy 
with ions stored in electromagnetic traps had been realized very 
early by Oehmelt and was developed in the early stages by him and 
his co-workers. c333 Since that time, the radio-frequency (r.f.) 
trap has been developed to give rather encouraging numbers for an 
optically pumped ion standard. Noteworthy are the experiments of 
Major and Werth on mercury, which have been extended by others. 
This device uses optical pumping-double resonance (pumping from a 
lamp) to detect the ground state hyperfine resonance in 199Hg+ 
( ~ 4 0  GHz) and gives estimated stabilities near a (t) 2 10-l2 t 
This success has prompted at least one commercial company to 
investigate the feasibility o f  such a standard. 

c341 

-4 . 
. Y  



The development o f  ion-storage frequency standards has been slowed 

somewhat because: 

(1) The number o f  ions t h a t  can be stored i s  very small 
( t y p i c a l l y  a maximum o f  about lo6 f o r  a t r a p  w i t h  slcm 

dimensions). This, coupled w i t h  the problem o f  the 

r e l a t i v e l y  low i n t e n s i t y  o f  l i g h t  from lamp sources f o r  

o p t i c a l  pumping and detect ion,  has made resonance s ig -  

na ls  f a i r l y  weak. 

(2)  The presence o f  s i g n i f i c a n t  second-order Doppler s h i f t s  
i n  experiments w i t h  t raps ( p a r t i c u l a r l y  r.f. t raps)  has 

been recognized f o r  some t i m e .  Although one has var ious 

ways o f  measuring the v e l o c i t y  d i s t r i b u t i o n , C 3 5 3  t h i s  

problem poses a serious 1 i m i t a t i o n .  

I t  may now be possib le  t o  overcome these l i m i t a t i o n s  by us ing 

tunable lasers.  By using a l ase r  f o r  o p t i c a l  pumping and detec- 
t i o n ,  r a t h e r  remarkable s ignals  can be obtained. This i s  e v i -  
denced i n  two experiments C281. 

(1) I n  tne NBS experiments on Mg', the scat tered photons 

from only  about 500 Mg+ ions stored i n  a Penning t r a p  

were observed w i t h  a s ignal  t o  background o f  about 100. 
I n  t h i s  same experiment, the count r a t e  was about 

25,00O/sec, w h i l e  the ne t  de tec t i on  e f f i c i e n c y  was on ly  

about 3 x This could be increzrsea by 2 orders o f  

magni tude i n  f u t v r e  desi gns. 

(2) More dramat ica l ly ,  i n  the experiments a t  Heidelbepi, a 
+ 

s i n g l e  8a ion contained i n  a m i n i t u r e  r . f .  tr i ip wets 

photographed with good contrast .  



In both of these experiments, the ions were laser cooled to sub- 
stantially less than 1 K, hence the second-order Doppler shift 
was greatly suppressed. 

Other. advantages occur if one uses a laser in an ion storage 
experiment : 

(1) Extremely weak optical pumping processes can be realiz- 
ed. This was demonstrated in the experiments at NBS 
where 25Mg+ was pumped jnto the (MJ = -+, MI = - 5 / 2 )  

ground state. Although many absorption-reemission 
cycles are required for this pumping to occur, this is 
acceptable since the ions remain in-the trap essentially 
indefinitely, and laser intensities can nearly saturate 
the optical transition. 

(2) Transitions in double resonance experiments can be 
detected with nearly unit efficiency. In the experi- 
ments at NBS, the ions were caught in an optical trap 
(to be distinguished from spatial optical traps describ- 
ed earlier). That is, the ions were optically excited 
from a particular ground state level to a particular 
excited state level and (by selection rules) were forced 
to fall back into the original ground state level (this 
process can be repeated at very high rates). Thus, if 
we can arrange to drive a microwave transition (which 
wi 1 1 be, say, our frequency standard transi ti on) that 
populates (or depopulates) the lower optical level, then 
we can produce (or exclude) many scattered optical 
photons for each ion that has made a microwave transi- 
tion. c361 This process allows one to compensate for the 



loss i n  c o l l e c t i o n  e f f i c i e n c y  due, f o r  example, t o  small 

s o l i d  angle o r  small quantum e f f i c i e n c y  i n  the photon 

detector so t h a t  we can e f f e c t i v e l y  detect  atoms w i th  
u n i t  e f f i c i e n c y  (The a b i l i t y  t o  achieve many scat tered 

photons f o r  one microwave photon was r e a l i z e d  i n  r e f .  
36, bu t  the S/N was i n c o r r e c t l y  over-estimated). For 

example, i f  we can t r a p  IO6 ions, then the s ignal - to-  

noise i n  the detect ion process can be about l o 3 ,  even 

though we may c o l l e c t  on l y  about 1% o f  the t o t a l  scat- 

tered photons. 

I t i s  usefui  t o  b r i e f l y  compare the r. f. and Penning t raps f o r  

poss ib le  frequency standard appl icat ion.  As i s  o f t e n  pointed out,  

the r.f. t r a p  has the p o t e n t i a l  advantage t h a t  magnetic f i e l d s  are 
not  requi red so t h a t  magnetic f i e l d  induced frequency s h i f t s  do 

no t  pose a problem. However, t h i s  apparent d i f f i c u l t y  can be 

overcome i n  the 2enning t r a p  by working a t  f i e l d  extremum 

points .  c36*373 A disadvantage o f  the r.f. t r a p  no t  shared by the 

Penning t r a p  i s  the e f f e c t  o f  r.f. heating. Although no t  t o t a l l y  

understood, i t  has prevented cold temperatures from being achieved 

except f o r  very small numbers o f  ions. A poss ib le  disadvantage o f  

the Penning t r a p  i s  t h a t  the ions are i n  an unstable e q u i l i b r i u m  

i n  the t rap;  whereas, f o r  the r.f. t rap,  the o r b i t s  are stable.  

This problem appears t o  have been overcome i n  recent experiments 

however, and i n d e f i n i t e  confinement i n  a Penning t r a p  should be 

possible.  c381 A t  t h i s  po in t ,  i t  i s  unclear which type o f  t r a p  

w i l l  u l t i m a t e l y  be b e t t e r  and more experiments are needed t o  

decide t h i s  question. Perhaps a more important question t o  be 

addressed i n  the immediate f u t u r e  1s how t o  ge t  b e t t e r  o p t i c a l  

sources f o r  pumping and detect ion a t  the requi red frequencies. 
Simple schemes c3g1 are d i f f i c u l t  t o  come by, but t h i s  d i f f i c u l t y  
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can be p a r t i a l l y  overcome by f i n d i n g  narrow band sources f a r t h e r  

i n  the u.v.(< 210nm). 

Nevertheless, i o n  t r a p  der ived standards are extremely a t t r a c t i v e  

because they s a t i s f y  the confinement problem wi thout  causing 

s i g n i f i c a n t  per turbat ions ( e s s e n t i a l l y  i n d e f i n i t e  confinement 

appears possible-implying no f i r s t - o r d e r  Doppler s h i f t s  and 

confinement s h i f t s  are estimated t o  be below 10-15). I n  t h i s  

regard, they may be unique and deserve more a t t e n t i o n  i n  the 

fu ture.  

D. Laser Standards 

With h igh p r o b a b i l i t y ,  the frequency and t ime standards o f  the 

f u t u r e  w i l l  be based on o p t i c a l  t r a n s i t i o n s  i n  atoms o r  molecules. 

This conjecture r e l i e s  mainly on the idea t h a t  i n  a given system, 

i f  the l i f e t i m e  o f  the t r a n s i t i o n  remains reasonably f i x e d  due t o  

re laxat ion,  t r a n s i t  time, etc. ,  then the Q o f  the t r a n s i t i o n  

scales w i t h  frequency. However, before l ase r  standards a re  r e a l -  

ized, some c r u c i a l  obstacles must be overcome. These problems are 

addressed below (see a l so  a 
lasers by 3. H a l l  1403). 

d e t a i l e d  review o f  p rec i s ion ,  s tab le  

I n  contemplating l ase r  standards, one f i r s t  must r e a l i z e  t h a t  we 

are l i k e l y  t o  be more suscept ib le t o  f i r s t - o r d e r  Doppler s h i f t  

c r i t e r i o n  i s  harder t o  r e a l i z e .  However, t he  confinement c r i t e r -  

i o n  can be relaxed i n  important ways. 

. s i n c e  the wavelength o f  the r a d i a t i o n  i s  so small; i .e. ,  the Dicke 

When we cannot meet the cond i t i on  121 << k - l ,  there i s  s t i l l  t he  

p o s s i b i l i t y  o f  ob ta in ing  the same e f f e c t  i f  we can s a t i s f y  the 



more general cond i t i on  i-;xAt '1, where A t  i s  the t r a n s i t  t ime of 

the atom through the apparatus. This i s  the general cond i t i on  

t h a t  must be met i n  a molecular beam apparatus. I t al lows f o r  

saturated absorption ("Lamb-dip") spectroscopy where atoms sa t i s -  
f y i n g  t h i s  cond i t i on  are p r e f e r e n t i a l l y  detected. Q u a l i t a t i v e l y ,  

i n  t h i s  case, the detected atoms traverse the apparatus i n  a 

d i r e c t i o n  near ly  normal t o  the traveling-wave propagation d i rec -  

t i o n ,  and, therefore,  the s p a t i a l  phase change o f  the f i e l d  exper- 
ienced by the atoms i s  l e s s  than one radian. 

The confinement problem has a ra the r  unique so lu t i on ,  i n  the form 

o f  Doppler-free, two-photon spectroscopy. Here the atom i n t e r a c t s  

w i t h  counter-propajat ing plane waves o f  frequency v0/2. The atom 

can resonant ly absorb two photons simultaneously, one o f  frequency 

1/2u0(l + $*k /c )  from one o f  the running waves and one w i t h  frequen- 
cy 1/2~0(1 - v*k/c)  from the counterrunning wave. The t o t a l  
e n e r a  from the two photons i s  hvo, independent o f  the atomic 

v e l o c i t y  ( t o  f i r s t  order). Important app l i ca t i ons  e x i s t  i n  the 

o p t i c a l  region,'411 b u t  tne technique may be l i m i t e d  i n  accuracy 
by dynamic Stark  s h i f t s  r e s u l t i n g  from the requi red intense l i g h t  

f i e l d .  

A 

A 
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Therefore, the problem o f  f i r s t - o r d e r  Doppler s h i f t s  can be solved, 

b u t  as i s  t r u e  i n  the case o f  microwave frequency standards, 
res idual  f i r s t - o r a e r  Doppler s h i f t s  can occur. c403 Moreover, the 

second-order Doppler s h i f t  remains unchanged. 

As of now, ra the r  impressive performance has beer, acnievez w i t h  

l a s e r  standards. For example, c403 methane s tab i  1 i zed He-Ne I asers 

have been used t o  probe external  methane resonances using satura- 
t i o n  spectroscopy w i t h  Q > 10" and s t a b i l i t i e s  o f  However, 



the v e l o c i t y  d i s t r i b u t i o n  o f  the in ter rogated molecules i s  d i f f i -  

c u l t  t o  evaluate and accuracy c a p a b i l i t i e s  b e t t e r  than 10-13 w i l l  

be d i f f i c u l t  t o  achieve. I n  an experiment using a dye l a s e r  t o  
c421 observe saturated absorpt ion resonances i n  an atomic Ca beam, 

l i n e  Q’s greater  than 10” were observed; however, a pr imary 

l i m i t a t i o n  i n  accuracy i n  t h i s  experiment, as w e l l  as those on 

CHI, was the uncer ta in ty  i n  the second-order Doppler s h i f t .  
Therefore, we note t h a t  poss ib le  l ase r  standards must be at tacked 

on a s i m i l a r  f r o n t  as the microwave standards-that i s ,  how can we 

reduce the Doppler s h i f t s ?  C e r t a i n l y  some o f  the same c o o l i n g  

techniques as mentioned prev ious ly  can be used; i n  addi t ion,  t he  

use o f  ions s tored i n  a t r a p  w i l l  have the advantage o f  long 

confinement t ime w i th  small per turbat ions.  

Before such lase r  standards can be rea l ized,  we must so lve two 

other  basic problems: 

(1) Stable l a s e r  sources must be found. As i n  the  microwave 

case, the l o c a l  o s c i l l a t o r s  used i n  o p t i c a l  frequency 
standards must have the requi red short-term s t a b i l i t y  o r  
the desired accuracy w i l l  n o t  be r e a l i z e d  i n  a reason- 

able length o f  time. A t  present, some gas-discharge 
1 asers meet t h i  s requi  rcmentC4” ; however, these 1 asers 

are very l i m i t e d  i n  tun ing  and therefore on ly  i n  r a r e  

instances have a frequency which coincides w i th  a t rans- 
i t i o n  i n  a molecule o r  atom t h a t  might g i ve  a frequency 
standard. Dye, diode, and c o l o r  center lasers g i v e  the  

desired t u n a b i l i t y ;  however, t h i s  wide t u n a b i l i t y  and 

f l u c t u a t i o n s  i n  the  dye medium, f o r  example, make them 

f a r  l ess  stable. Nevertheless, super ior  s t a b i l i z a t i o n  
schemes and perhaps new lase rs  w i l l  undoubtedly be found 



and the problem o f  ( l o c a l - o s c i l l a t o r )  short- term s t a b i l -  

i ty  w i  11 be solved. 

(2) I f  one desires t o  use a frequency standard as a t ime 
standard, one must i n  e f f e c t  be able t o  count cyc les o f  

the o s c i l l a t i o n .  Phase-coherent measurements are a t  

present very d i f f i c u l t  t o  ca r ry  out  a t  frequencies above 

about 100 GHz. However, by using harmonic mixing tech- 

niques i n  a boot s t rap  fashion, ‘431 lase r  frequencies 

have now been compared t o  the cesium hyper f ine frequency. 
This has so f a r  on ly  been done i n  a non phase-coherent 

way i n  a frequency synthesis chain such as t h a t  o f  r e f .  

43 shown i n  F i g  2. Accuracies o f  intercomparison are 

near the l eve l .  I n  order f o r  an o p t i c a l  frequency 

standard t o  provide time, phase-coherence would have t o  

be included a t  each step i n  t h i s  chain. This seems t o  be 

a f a i r l y  complicated (although achievable) p ropos i t i on  

even i f  somewhat more s i m p l i f i e d  chains c431 are r e a l  ized. 
I n  deal ing w i t h  t h i s  problem, one should o f  course 

r e c a l l  t h a t  there are other  uses o f  frequency standards 
than prov id ing  time. For example, some very i n t e r e s t i n g  
t e s t s  o f  g r a v i t a t i o n a l  e f f e c t s  can be examined C40,441 

using o p t i c a l  frequency standards, i f  a l l  t h a t  i s  requ i r -  

ed i s  t o  intercompare two o p t i c a l  frequencies-a task  
which i s  t r i v i a l  compared t o  p rov id ing  time. However, 

the t ime problem i s  very important and a s o l u t i o n  t o  the  

frequency synthesis problem should be sought. A concep- 

t u a l l y  simple b u t  unproven scheme c451 might be able t o  
accomplish one-step frequency d i v i s i o n  from o p t i c a l  

frequencies t o  microwave frequencies. 
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E. Single Atm (Ion) Frequency Standards 

The idea o f  using a s ing le  atom i s ,  o f  course, very appealing 
since, i f  s u i t a b l y  confined, i t  can be i s o l a t e d  from the pe r tu rb ing  

in f luence o f  o ther  atoms. Dehmelt was the f i r s t  t o  suggest such 

an idea. 1461 He proposed t o  use an o p t i c a l  t r a n s i t i o n  i n  T2+ 

( lS0 - 3P The 

addi tonal  advantage o f  using a s ing le  i o n  conf ined t o  the center 

o f  an electromagnetic t r a p  i s  t h a t  combined w i th  l ase r  cool ing,  i t  

should be poss ib le  t o  c lose ly  s a t i s f y  the Dicke c r i t e r i o n  i n  the 

o p t i c a l  reg ion on an e s s e n t i a l l y  unperturbed atom. Other possi-  

b i l i t i e s  e x i s t ,  such as the 8+ ion,  whose s t r u c t u r e  i s  shown i n  
Fig.  3. This i o n  i s  a lso i n t e r e s t i n g  because the f i n e  s t r u c t u r e  
t r a n s i t i o n s  w i th  Q 2 10" could provide a poss ib le  standard where 

the frequencies are f a i r l y  e a s i l y  measured w i t h  s t a t e  o f  the a r t  

prec is ion.  (This experiment could a l so  o f  course be performed on a 
c loud o f  ions i n  a t rap) .  

t r a n s i t i o n  @ 202 nm Q r 1014) i n  an r. f. t rap.  
0 

The primary drawback t o  using a s ing le  i o n  (o r  perhaps a s i n g l e  
neu t ra l  atom i n  an o p t i c a l  t rap )  i s  t h a t  the S/N i s  r a t h e r  poor. 

Therefore, s ing le  i o n  standards would seem t o  be more v i a b l e  a t  

very h igh frequencies where the Q can be q u i t e  high. Since the 
per turbat ions between many c o l d  ions i n  an electromagnetic t r a p  

can be very small anyway, the use o f  a s i n g l e  i o n  may on ly  be a 
phi 1 osophical advantage i f one uses 1 onger wave1 engths. O f  course, 

on l y ' t he  f u t u r e  w i l l  t e l l !  
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FIGURE 1. Par t  A shows the s i t u a t i o n  when the atoms are unbound 
and the resonance fea ture  has the f u l l  Doppler w id th  Av,, Z (v/c)vo. 
When the  atom i s  conf ined t o  dimensions less  than the wavelength, 

t he  Doppler p r o f i l e  i s  suppressed and the cen t ra l  feature has the  

na tura l  w id th  Av. This cond i t i on  i s  most e a s i l y  r e a l i z e d  i n  the 

microwave reg ion o f  t he  spectrum. 
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1 aser frequency. 

Synthesis "chain" used a t  NBS c431 t o  measure v i s i b l e  
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FIGURE 3. Energy l e v e l  scheme o f  s ingly ionized Boron showing 
energy separations o f  i nterest .  


